A nimal and plant populations in nature are threatened by several emerging infectious diseases (1) (2) (3) (4) (5) (6) . In the case of amphibians, many populations have been devastated by chytridiomycosis, a disease caused by Batrachochytrium dendrobatidis (7) and the recently discovered Batrachochytrium salamandrivorans (8, 9) . B. dendrobatidis has caused extinctions of amphibian species in the tropics, including tropical Australia (10) and the Neotropics in Central America (11, 12) . However, some species are considered resistant or tolerant since they are persisting in the wild despite the presence of the pathogen (13, 14) . In order to reduce the risk of population declines or extinctions in susceptible amphibians, effective mitigation protocols must be developed.
Amphibian defenses against B. dendrobatidis include the adaptive immune system, the innate immune system (15) , which includes the production of antimicrobial peptides (AMPs) (16) and alkaloids (17) , and skin symbiotic bacteria that produce antifungal metabolites (18) (19) (20) (21) (22) . The adaptive immune system's effectiveness appears to be limited by B. dendrobatidis's secretions that disrupt lymphocyte proliferation (23) . This result may explain why vaccination strategies are either ineffective or require multiple pathogen exposures to achieve immunity (24) . While some amphibian species produce AMPs that are effective against pathogens like B. dendrobatidis (25) , many species do not produce AMPs (26, 27) . Moreover, these innate immune defensive secretions may be difficult to manipulate as part of a disease mitigation management strategy. On the other hand, certain cutaneous symbiotic bacterial species isolated from amphibians secrete antifungal metabolites that are effective against B. dendrobatidis (19, 20, 28) , while other bacterial species may deter B. dendrobatidis from colonizing an amphibian host (29) . In addition, populations with a higher proportion of individuals with anti-B. dendrobatidis bacteria tend to persist with the pathogen, while populations with lower proportions tend to dramatically decline (30, 31) . These antifungal bacteria can be used to prevent or mitigate B. dendrobatidis or B. salamandrivorans infections using a bioaugmentation strategy (32) .
Bioaugmentation is the process of increasing the population density of locally occurring antifungal bacteria on amphibian hosts (32) . Bioaugmentation methods include environmental and individual probiotic inoculation (32, 33) . Probiotic bacterial inoculations have been effective in certain laboratory and mesocosm trials (34, 35) , although not all of them have been successful (36, 37) . A key example is that of Janthinobacterium lividum, a Gramnegative bacterium, which produces an antifungal metabolite called violacein (19) . Bioaugmentation of J. lividum was effective in laboratory and field trials in preventing mortality due to B. dendrobatidis in the frog species Rana muscosa (34, 35) but has not been effective in the Panamanian golden frog, Atelopus zeteki (36) .
The success of probiotic bioaugmentation in an at-risk am-phibian population would increase if probiotic bacteria could be horizontally transmitted from an inoculated individual to uninoculated individuals by direct contact in the population or by transmission from the environment to amphibians (38) . Environmental transmission has been shown in a laboratory study in which J. lividum was successfully introduced in soil and transmitted from soil to salamanders, resulting in a reduced risk of B. dendrobatidis infection (33) . A third option for establishing a probiotic in an amphibian population or community is through indirect horizontal transmission (IH), which is defined as the transfer of bacteria from a host to the environment and then to another host. The use of indirect horizontal transmission may allow for the colonization of a probiotic bacterium in an at-risk amphibian population through the inoculation of relatively few individuals. Moreover, the success of a probiotic will depend on whether it can become established in the existing cutaneous bacterial community and persist for an extended period of time while inhibiting the pathogen or by modulating the host's immune response to inhibit the pathogen (39) (40) (41) . Successful probiotic establishment is likely a function of the cutaneous microbial community structure, the ecological interactions occurring in the microbial community, and the competitive abilities of probiotic bacteria. Ideally, the probiotic would be added and persist with relatively little perturbation of the existing community structure, as seen in other systems (42, 43) . Alternatively, the probiotic might alter the cutaneous community structure and eventually reach an alternative stable state (44) . For the long-term health of the host, it is important for the probiotic to not displace microbes that have relevant symbiotic interactions with the host.
In this study, we tested whether the skin bacterium J. lividum could be horizontally transferred directly or indirectly, by way of the environment, in a laboratory experiment using green frog tadpoles (Lithobates clamitans) as a model system. Colonization by a probiotic bacterium in the larval stage may be more effective than colonization in the adult stage, since the larval skin community has a lower diversity than the adult stage (45, 46) , and the host immune system is not yet fully developed (15) . We hypothesized that transmission of the probiotic would be greatest when both direct and indirect horizontal transmission (DIH) was possible. We evaluated the ability of J. lividum to colonize the tadpoles' skin and to persist throughout the experiment. We tracked the fate of J. lividum using both culture-dependent and culture-independent techniques and compared the congruence of the methods. We also described the bacterial community structure of the tadpoles' skins and tested whether the addition of J. lividum affected the skin community structure in L. clamitans tadpoles.
MATERIALS AND METHODS
Experimental design. The experiment consisted of two treatments with their appropriate controls (Fig. 1a) . In the first treatment we tested for both direct and indirect horizontal transmission (DIH) and included two free-swimming tadpoles per container, with one tadpole inoculated with the probiotic bacterium J. lividum. In this treatment, tadpoles could come into direct contact, which allows for the possibility of direct horizontal transmission. In addition, J. lividum from an inoculated tadpole could migrate to the water and subsequently colonize the inoculated tadpole partner, which allows for the possibility of indirect horizontal transmission. In the second treatment, we tested for indirect horizontal transmission (IH) only and included two tadpoles in a container separated by two plastic mesh barriers with only one tadpole inoculated with J. lividum. The mesh was composed of bleached fiberglass window screening and served to prevent direct contact between tadpoles, allowing only indirect horizontal transmission to occur. The controls for both treatments (CIH and CDIH) were identical to their respective treatments with the exception of neither tadpole being inoculated with J. lividum (Fig. 1a) . Instead, tadpoles from controls received a mock bath with sterile artificial pond water, which is known as Provasoli medium (47) . For this experiment, there were a total of 20 4-liter tanks. Each tank was filled with 3 liters of Provasoli medium: 7 tanks per experimental treatment (14 tanks total for both treatments) and 3 tanks for each control (6 tanks total for controls). The experiment was done in an environmental chamber with a constant temperature of 17°C and light/dark cycle of 12 h/12 h. The institutional animal care and use committee (IACUC) protocol A03-12 was approved for conducting this experiment.
Development of a J. lividum rifampin-resistant strain used for probiotic treatments. A rifampin-resistant strain of J. lividum was used to track the bacterial abundance throughout the experiment (33) . The purpose of this was to have a bacterial strain that could be distinguished from all other bacterial strains that are naturally present on the tadpole skin and that are not resistant to rifampin. To obtain a rifampin-resistant J. lividum strain, a J. lividum culture was plated onto a 1% tryptone plate with a rifampin gradient that ranged from 0 to 0.01% rifampin (from 0 g/liter to 0.1 g/liter). The strain used in this experiment was isolated from the skin of the salamander Hemidactylium scutatum, collected in the George Washington National Forest, Rockingham County, VA, USA, and it has been used in previous probiotic trials due to its capacity to produce antifungal metabolites (19, 34, 35) . The bacterial colonies that grew closest to the highest concentration of rifampin were isolated and replated onto the same kind of plate. This process was repeated twice, which was enough to isolate a completely rifampin-resistant strain. Plating the bacteria on a 0.01% rifampin plate (0.1 g/liter) and observing its growth confirmed the capacity of this J. lividum strain to grow in the presence of this antibiotic.
Data collection (swabbing). We collected 40 tadpoles from George Washington National Forest, Rockingham County, VA, USA (10 April 2014) , that were between Gosner stages 26 and 36, making sure tadpoles were no smaller than 1.9 cm. Once in the lab, the tadpoles were placed into two separate 33-liter tanks for 12 days. Each tank contained 15 liters of sterile Provasoli medium. During these 12 days, tadpoles were fed every 3 days with commercially available tadpole food (Zoo Med Aquatic Frog & Tadpole Food, USA). The tanks were constantly aerated with separate air pumps. Provasoli medium was replaced every 2 days with fresh sterile Provasoli medium in order to reduce the risk of altering the water chemistry. The 12-day acclimation period allowed the tadpoles to become habituated to their new environment before the experiment began.
After the acclimation period (day Ϫ1) (Fig. 1b) , each tadpole was swabbed back and forth five times on both the lateral sides and on the mouth. Swabbing did not have any noticeable negative effect on the tadpoles. Swabs were then plated onto rifampin plates to test for the occurrence of naturally rifampin-resistant strains on the tadpoles. After preswabbing, each tadpole was placed individually into a plastic sterile container for the purpose of randomization, each of which contained 50 ml of sterile Provasoli medium. A random number generator was used to determine the assignment of individual tadpoles to treatments. The location of treatment tanks was also randomized on shelves in the environmental chamber.
J. lividum baths were prepared for tadpoles assigned to the experimental treatment tanks in the following way: 700 ml of J. lividum in 1% tryptone liquid culture was incubated until the culture reached a concentration of 1.7 ϫ 10 7 cells of J. lividum/ml, as determined by optical density units (ODs) using a spectrophotometer (Multiskan GO; Thermo Scientific, USA). The cell concentration estimated by ODs was calculated based on a growth curve of the same bacterial strain. The culture was divided into 14 50-ml Falcon tubes, which were centrifuged at 5,000 rpm (G force, 3,214) for 10 min. The remaining liquid was decanted, and the cells were resuspended in an equivalent volume of sterile Provasoli medium. A second centrifugation was performed, the liquid was decanted, and the cells were finally resuspended in 50 ml of sterile Provasoli medium. The resuspended cells in each 50-ml tube were added to 250-ml containers that contained 200 ml of sterile Provasoli medium for a total volume of 250 ml. These centrifugation steps were necessary to remove waste products from the culture medium. The final number of J. lividum cells in each bath container was 8.5 ϫ 10 8 cells. The controls were constructed in the same way except that sterile Provasoli medium was used in place of the J. lividum liquid culture. Tadpoles from each treatment (20 tadpoles, including controls) were individually rinsed with 25 ml of sterile Provasoli medium to remove any transient bacteria before being placed into individual J. lividum (or mock) baths for 24 h. This was considered day 0 of the experiment. Following the 24-h probiotic baths, tadpoles were placed in their respective tanks. This was defined as day 1 of the experiment (Fig. 1 ). Tadpoles were swabbed on days 3, 10, and 17 of the experiment (Fig. 1b) . During swabbing, each tadpole was removed from its tank, rinsed with 25 ml of sterile Provasoli medium to remove transient bacteria, and then swabbed 5 times back and forth on both the lateral side and the mouth. Swabs were then placed into 1.5-ml Eppendorf tubes containing 1 ml of phosphate-buffered saline (PBS) solution.
Data collection (culturing and colony counting). The bacteria from each swab were extracted by placing the swab in a separate tube in a shaking incubator at 25°C and 500 rpm for 30 min. Dilutions (1:10 and 1:100) were obtained from the swab extracts using PBS. This resulted in three dilutions per swab/sample (D10 0 , D10 Ϫ1 , and D10 Ϫ2 ). After the first swabbing day, it was determined that the D10 Ϫ2 dilution was no longer necessary for the remaining days due to low colony counts. After the dilutions were made, two replicates of each extract sample were plated onto 1% tryptone-0.01% rifampin plates using sterile 3-mm glass beads. CFU were counted after 48 h of incubation at 21°C. Statistical analyses: transmission experiment. We addressed the following hypotheses: (i) If probiotic bioaugmentation was successful, the tadpoles in the experimental treatments will differ from their respective controls in terms of the CFU counts of J. lividum, (ii) the CFU counts for the DIH treatment will differ from those for the IH treatment, and (iii) if maximal transmission occurs between the tadpoles within each treatment, then the uninoculated tadpoles will end up with CFU counts equivalent to those of their cohoused inoculated partners. To test these hypotheses we performed the following comparisons: (i) each treatment (DIH or IH) was compared to its controls on each swabbing day (days 3, 10, and 17), (ii) the treatments (DIH or IH) were compared to each other on each swabbing day (days 3, 10, and 17), and (iii) the inoculated and uninoculated tadpoles were compared within each treatment (DIH or IH) on each swabbing day (days 3, 10, and 17). All comparisons based on the CFU counts were assessed with a Kruskal-Wallis test using R (48) . A nonparametric analysis was used because the data were not normally distributed according to the Shapiro-Wilk normality test (W ϭ 0.1996, P Ͻ 2.2eϪ16) performed in R (48) . All controls had no presence of J. lividum (CFU ϭ 0); therefore, we concluded that there was no contamination in the experiment. Molecular methods and sequencing. Whole genomic DNA was extracted from 78 swab samples [a randomly selected subset of the total number of samples: IH (n ϭ 24), DIH (n ϭ 24), and their respective controls CIH (n ϭ 15) and CDIH (n ϭ 15)] from days Ϫ1, 3, and 17 of the experiment using the DNeasy blood and tissue kit (Qiagen, Valencia CA, USA) according to the manufacturer's instructions; pretreatment with lysozyme was included. The DNA extracted from the swabs was used to amplify the V4 region of the 16S rRNA gene using barcoded primers (F515/R806) and PCR conditions adapted from Caporaso et al. (49) . Amplicons were quantified using QuantiFluor (Promega, Madison, WI). Composite samples for sequencing were created by combining equimolar ratios of amplicons from the individual samples, followed by cleaning with the QIAquick PCR clean-up kit (Qiagen)
16S amplicon data processing. The 250-bp single reads were filtered and processed with the Quantitative Insights Into Microbial Ecology (QIIME) pipeline (50) . Sequences were demultiplexed and filtered to retain high-quality reads using the following filtering parameters: no N characters were allowed in the retained sequences, no errors in barcode sequences were allowed, a minimum of 5 consecutive base pairs were needed to include a read, and a maximum of 5 consecutive low-quality base pairs were allowed before truncating a read. After filtering, 10,978,923 sequences were retained for the 78 samples.
Demultiplexed and filtered sequences were clustered into operational taxonomic units (OTUs) at a sequence similarity threshold of 97% with the UCLUST method (51). Sequences were matched against the Greengenes database (52) , and those that did not match were clustered as de novo OTUs at 97% sequence similarity. Taxonomy was assigned using the RDP classifier (53) and the Greengenes database. Representative sequences were aligned to the Greengenes database with PyNAST (54), and a maximum likelihood (ML) phylogenetic tree was constructed with FastTree 2 (55). The OTU table for each data set was filtered using a minimum cluster size of 0.001% of the total reads (56) . The final rarefied OTU table had 5,981 OTUs and 74,853 reads per sample.
16S amplicon data analysis. To determine whether the OTUs from the genus Janthinobacterium (determined by using the RDP classifier and Greengenes database) changed in relative abundance across time in each treatment compared to that in its respective control, we calculated the differences in relative abundance between days Ϫ1 and 3 (dif[Ϫ1/3]) and between days 3 and 17 (dif [3/17] ). One-way analyses of variance (ANOVAs) were calculated to determine the effect of each treatment for dif[Ϫ1/3] and dif [3/17] . To determine if J. lividum bioaugmentation altered the tadpoles' skin community structure, alpha and beta diversity indices were calculated. For alpha diversity we obtained Faith's phylogenetic diversity (PD) and the Shannon index. To determine the effects of treatment and swabbing day, we performed a two-factor ANOVA for PD and the Shannon index. For beta diversity, a weighted Unifrac distance matrix was calculated. Adonis nonparametric analysis was performed to test for the differences in beta diversity among experimental treatments within each swabbing day (days Ϫ1, 3, and 17). Weighted Unifrac matrices and Adonis tests were calculated using QIIME (50) . Finally, the OTU relative abundances of all individuals were grouped by day and treatment, and these were represented in stacked barchart graphs. This analysis was done by grouping the OTUs at the genus level based on the classification obtained through the RDP classifier using QIIME.
16S rRNA amplicon data accession number. The 16S rRNA amplicon sequences obtained in this study through Illumina sequencing were deposited in the NCBI Sequence Read Archive under SRA study accession number SRP067767.
RESULTS

J. lividum inoculation was successful in both indirect and direct plus indirect horizontal treatments. By day 3 of the experiment,
J. lividum inoculation was successful in both indirect (IH) and direct plus indirect horizontal transmission (DIH) treatments; 92.85% of the tadpoles (13 out of 14 individuals) in each treatment had rifampin-resistant colonies that corresponded to the inoculated rifampin-resistant J. lividum strain. The tadpoles from both DIH and IH treatments at day 3 had significantly higher numbers of J. lividum on their skin than did their respective controls, which all had no J. lividum colonies (DIH: H ϭ 10.8, 1 df, P ϭ 1 ϫ 10 Ϫ3 ; IH: H ϭ 10.8, 1 df, P ϭ 1 ϫ 10 Ϫ3 ), indicating that J. lividum inoculation was successful in both treatments and that there was no contamination throughout the experiment. In addition, all swabs collected before the inoculation with rifampinresistant J. lividum (day Ϫ1) showed no CFU on rifampin plates, indicating that no natural rifampin-resistant bacteria were present on the tadpoles' skin before the experiment was started.
Indirect horizontal treatment had a higher concentration of J. lividum over time than direct plus indirect treatment. The numbers of CFU of J. lividum from the DIH and IH treatments were not significantly different on day 3 (H ϭ 2.81, df ϭ 1, P ϭ 0.09) (Fig. 2) ; however, the IH treatment had a significantly higher number of CFU than the DIH treatment on days 10 and 17 (day 10: H ϭ 21.33, df ϭ 1, P ϭ 3.8 ϫ10 Ϫ6 ; day 17: H ϭ 12.08, df ϭ 1, P ϭ 5 ϫ10 Ϫ4 ) (Fig. 2) . In addition, the number of CFU from the IH treatment remained significantly higher than that from controls throughout the rest of the experiment (day 10: H ϭ 12.32, df ϭ 1, P ϭ 4.4 ϫ10 Ϫ4 ; day 17: H ϭ 7.04, df ϭ 1, P ϭ 7.9 ϫ10 Ϫ3 ). In contrast, the numbers of CFU from the DIH treatment were no longer significantly different from those of controls on days 10 and 17 (day 10: H ϭ 0.90, df ϭ 1, P ϭ 0.34; day 17: H ϭ 0.42, df ϭ 1, P ϭ 0.51).
When comparing the numbers of CFU between the originally inoculated tadpoles and the uninoculated tadpoles within each treatment, we found that the numbers of CFU on tadpoles from IH treatment were not significantly different throughout the experiment (day 3: H ϭ 0.49, df ϭ 1, P ϭ 0.48; day 10: H ϭ 1.8, df ϭ 1, P ϭ 0.17; day 17: H ϭ 0.51, df ϭ 1, P ϭ 0.47) (Fig. 3b) . In contrast, in the DIH treatment, the inoculated tadpoles had a significantly higher number of CFU than the uninoculated tadpoles on day 3 (H ϭ 3.92, df ϭ 1, P ϭ 0.04) (Fig. 3a) . We did not perform this comparison for days 10 and 17, since by then the numbers of CFU from the DIH treatment were not significantly different from those of their controls (0 CFU) (see above). Overall, these results indicate that transmission was readily achieved in both treatments and that the numbers of CFU differed between the experimental treatments, with the IH treatment showing a larger amount of J. lividum CFU over time than the DIH treatment ( Fig. 2 and 3) .
Presence of J. lividum on the tadpoles decreased over time in both treatments. In both treatments, the number of J. lividum CFU decreased throughout the experiment (Fig. 2) . This trend was also obtained in the 16S amplicon sequencing data (Fig. 4a) . Since the rifampin-resistant strain of J. lividum cannot be distinguished from the natural J. lividum present on the tadpoles' skin using 16S amplicon sequencing, we analyzed the additive relative abundances of the 25 OTUs that were classified as members of the genus Janthinobacterium. For both the IH and DIH treatments, the median relative abundances of Janthinobacterium increased by day 3 of the experiment in comparison to those on preswab day Ϫ1 and went back down by day 17 (Fig. 4a) F(1,10) ϭ 3.15, P ϭ 0.10; DIH dif [3/17] ϭ F(1,10) ϭ 3.31, P ϭ 0.09}. Moreover, the results obtained with culture-dependent and culture-independent methods indicate that the presence of J. lividum on the tadpoles' skin in both treatments decreased after day 3 independently of differences found between treatments, which suggests that most of the Janthinobacterium detected in the 16S amplicon analysis corresponded to the inoculated rifampin-resistant J. lividum strain.
J. lividum inoculation did not alter the diversity of skin microbial communities. The skin bacterial community of L. clamitans tadpoles was dominated by OTUs from the genus Pseudomonas (Fig. 4c) . Out of the 5,981 OTUs identified in these communities, 174 belong to the genus Pseudomonas, and they accounted for the majority of the total relative abundance (mean, 79.42%; SD, Ϯ2.76%) (Fig. 4c) . More importantly, within the Pseudomonas genus, there were two dominant OTUs that were present in all individuals and were both classified as Pseudomonas veronii. The mean relative abundance of OTU-400315 across individuals was 64.69% (SD, Ϯ8.23%) and that of OTU-269930 was 10.88% (SD, Ϯ1.23%). The next most abundant genera were Sanguibacter (mean, 3.3%; SD, Ϯ1.0%) and Xanthomonas (mean, 2.76%; SD, Ϯ1.2%) (Fig. 4c) . Moreover, the OTUs from the Janthinobacterium genus were naturally present on the tadpole's skin (day Ϫ1) but at lower relative abundances (mean, 0.16%; SD, Ϯ0.01%).
We analyzed the community structure of L. clamitans tadpoles across treatments and time (Fig. 4b) , and we found no significant differences in alpha diversity (PD and Shannon index). A twofactor analysis of variance showed no significant effect of either treatment We calculated the beta diversity among samples based on weighted Unifrac distances, and we found no significant differences among treatments within each swabbing day [day Ϫ1:
In sum, the results obtained for alpha diversity (phylogenetic diversity) and beta diversity (weighted Unifrac distances) indicate that the inoculation of J. lividum did not significantly influence the diversity of the tadpoles' skin communities even when the probiotic bacterium reached a high relative abundance detected by culture-dependent and culture-independent methods.
DISCUSSION
In this study, we examined the ability of the antifungal probiotic bacterium J. lividum to colonize and persist on the skin of L. clamitans tadpoles. We found that transmission from inoculated to uninoculated tadpoles occurred in both treatments but was more effective when direct contact between tadpoles was not allowed (indirect horizontal [IH] treatment), i.e., when a net was included, than when they were allowed to swim freely and to come into contact with each other (direct plus indirect horizontal [DIH] treatment) without the presence of a net. Even though J. lividum was able to colonize the tadpoles' skin, the relative abundance of this bacterium decreased over time in both treatments, and in the case of the DIH treatment, it was not able to persist after 17 days. Moreover, the inoculation of J. lividum did not significantly alter the skin bacterial diversity of L. clamitans tadpoles during the course of the experiment, which was dominated by Gram-negative Pseudomonas OTUs. Despite our expectations, the combination of direct plus indirect horizontal transmission was a less effective method of transmission. This result might be explained by several hypotheses: (i) tadpoles in constant contact might lead to the loss of bacteria from the skin through friction, (ii) contact between tadpoles might cause higher stress levels on the hosts, and this might in turn alter the skin community (57) , and (iii) the presence of fiberglass netting in the IH treatment might have served as a reservoir for bacteria, and it might therefore promote recolonization of J. lividum through the course of the experiment (33, 58) . Considering that the skin microbial community was not drastically affected during the course of the experiment, we consider the first two hypotheses to be the least feasible since they both predict changes in the skin microbial community due to either sloughing or stress responses. Considering the third hypothesis, it is possible that the fiberglass netting separating the tadpoles might be an additional substrate for J. lividum growth, allowing this bacterium to become more abundant in the environment and possibly promoting recolonization on the tadpoles' skin. This last hypothesis might also explain why the IH treatment led to longer persistence of J. lividum on partner tadpoles. Even though this is an artificial setting, tadpoles in their natural habitat are surrounded by organic material such as sediment and leaves that might serve as a bacterial reservoir. Therefore, further experiments that incorporate natural substrates (instead of a fiberglass netting) will be needed to help explain the differences between the treatments in this experiment.
An effective probiotic should be able to colonize and persist on the amphibian skin indefinitely or at least long enough for the host's adaptive immune system to become effective against the pathogen (32) (Fig. 1b) . With amphibians, this means that the probiotic needs to persist until the adaptive immune system becomes fully functional, which is likely to be the juvenile or adult stage. Our results show that in the case of L. clamitans tadpoles, J. lividum was able to colonize but it decreased through time in both treatments. The community was dominated by OTUs from the genus Pseudomonas, and it is possible that these taxa and other bacterial species might have eventually excluded J. lividum by secreting antibiotics or by another competitive mechanism (59). It is unlikely that a host immune response caused the reduction in J. lividum since the tadpole's adaptive immune system is not fully developed at this development stage (60) . It is also possible that J. lividum does not contain the necessary adaptations to colonize and persist on the skin of the host species; however, based on our culture-independent data, native strains of Janthinobacterium were naturally present on the tadpoles' skin but at very low relative abundances. Moreover, J. lividum has been naturally found in other North American amphibian species like Plethodon cinereus (61) , Hemidactylium scutatum (35, 62) , Notophthalmus viridescens (63) , and Rana muscosa (30, 31) . In addition, J. lividum has been found in aquatic and soil environments (64, 65) , and the production of violacein has been detected in liquid and solid media as well as in biofilms (65, 66) . These capabilities make J. lividum a good probiotic candidate that could be inoculated directly in amphibians or in the environment.
Tracking the addition of probiotic bacteria in amphibians has been done through culture-dependent methods (33) and through culture-independent techniques, including denaturing gradient gel electrophoresis (DGGE) (37) , terminal restriction fragment length polymorphisms (T-RFLPs) (67) , and quantitative PCR (qPCR) (34) (35) (36) . In this study, we tracked the presence and abundance of the probiotic bacterium J. lividum through time using two different techniques: bacterial culturing using selective media for rifampin-resistant strains (33) and 16S amplicon sequencing, which is a culture-independent technique increasingly used to describe the bacterial community structure in amphibians (14, 45, 58, 68, 69) . Despite the great advantages of using 16S amplicon sequencing for community profiling, one caveat is that this method does not distinguish between the natural J. lividum and the rifampin-resistant inoculated strain. Despite this, we were able to detect an increase in Janthinobacterium that was consistent with the results obtained using the culture-dependent method. We conclude that both techniques are effective for detecting and quantifying J. lividum. In particular, 16S amplicon sequencing allowed us not only to detect changes in OTUs that belonged to the Janthinobacterium genus but also to describe the community structure in L. clamitans tadpoles before and after the addition of J. lividum.
This study is one of the few that has examined the skin community structure in amphibians at the larval stage. Larval skin communities differ from their aquatic environment (45) and are generally dominated by one taxon (45, 46, 70) . Species like Ambystoma tigrinum, Pseudacris triseriata, and Bufo boreas boreas are dominated by Betaproteobacteria (46, 70) , whereas Rana cascadae tadpoles are dominated by Pseudomonas (45) . In this study, we identified 5,981 bacterial OTUs on L. clamitans skin, and these communities were dominated by two Pseudomonas OTUs. Several members of the genus Pseudomonas are known to produce antifungal and antibiotic compounds, and their dominance on the amphibian skin may indicate a defensive function (14, 31, 45, 69, 71) . A recent study on Bufo boreas boreas tadpoles that compared bacterial taxa with a B. dendrobatidis-inhibitory bacterial OTU database found that tadpoles hosted significantly more inhibitory OTUs than other life stages or environmental samples (46) . In this respect, it is possible that Pseudomonas OTUs from L. clamitans tadpoles' skins are playing a defensive function at the larval stage. To our knowledge, there are no published studies on L. clamitans tadpoles' susceptibility to B. dendrobatidis or the presence of antifungal bacteria on their skin. Thus, the protective function of Pseudomonas in this host system remains to be explored.
As one caveat, the high relative abundance of Pseudomonas in this study was detected after the tadpoles were housed in a laboratory for 12 days as the acclimation period and kept under controlled conditions. Previous studies on adult frogs and salamanders in captivity have shown reduced diversity on the skin microbial community structure compared to the situation in nature (58, 72) . Despite the changes due to captivity, both of these studies suggest that the dominant members of the community can be preserved through time under artificial conditions. Even though there have been no similar studies on tadpoles, it is likely that the same effect occurs in the larval stage.
In conclusion, our results show that indirect horizontal transmission could be effectively used to deliver probiotics in a natural environment. This transmission method would use a few individuals as vectors to transmit the probiotic to other amphibians, including potentially other species from the natural community. These vector tadpoles may be able to direct probiotics to the appropriate habitat where other tadpoles are present as opposed to an indiscriminate environmental application of probiotics. Moreover, we showed that bioaugmentation of J. lividum on L. clamitans tadpoles' skin was successful, but it decreased through time. While this study offers proof of concept, the future challenge is to determine the best conditions under which an effective bacterial probiotic will be able to colonize and, more importantly, persist on the skin community. B. dendrobatidis and B. salamandrivorans pose grave threats to amphibian biodiversity, and with further optimization of techniques, bioaugmentation is likely to be a viable strategy to mitigate chytridiomycosis in amphibians.
